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Abstract. In the building industry, there is currently a signiﬁcant lack of informa-
tion on ﬁre resistance properties of room separation elements made of tropical wood
species. The objective of the present study is to ﬁll this gap by investigating the ﬁre
behaviour of tropical wood species and subsequently assessing the ﬁre resistance of
elements made of this material. In particular, the prime target was to ﬁnd easy to
measure parameters which correlate with both the charring rate and the deﬂection,
the latter caused by ﬁre induced rapid dehumidiﬁcation. Further, the so found
parameters have been investigated for suitability as reliable predictors for ﬁre resis-
tance of ﬁre doors when tropical wood is used as substitute for European native
wood. A series of measurements were carried out for tropical and European wood
species. Beam deﬂection and charring rate as well as the ﬁre resistance of doors were
measured in standard ﬁre (ISO 834-1). In addition, the oxygen permeability index
(OPI) of wood, which appears to have a strong correlation with the charring rate,
was measured. It is shown that in consideration of ﬁre resistance both the charring
rate and the deﬂection have to be addressed when tropical wood is used as substitute
for European native wood. Finally, it is clearly conﬁrmed that a single parameter
such as wood density is not reliable to assess the substitution of an alternative wood
species for a species on which ﬁre resistance test results are available.
Keywords: Tropical wood species, Charring rate, Deﬂection, Fire resistance, Fire door,
Substitution of wood
1. Introduction
In many countries such as North America, New Zealand, Scandinavian countries,
Germany or Switzerland wood is used extensively for structural and room sepa-
rating elements in building applications. Although suﬃcient native wood of good
quality is available in these countries, tropical wood species are frequently
imported. The Swiss State Secretariat for Economic Aﬀairs (SECO) considers a
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sustained fair trade with tropical wood as one opportunity to combat on-the-spot
deforestation, economic deterioration and human misery [1]. In consequence, the
Swiss Association of Door Manufacturers (VST), Greenpeace and World Wide
Fund for Nature (WWF) Switzerland signed under the lead of SECO and the
facilitation of Intercooperation an agreement which stipulates that door manufac-
turers strive to procure exclusively timber from sustainable managed forests [2]. In
order to compensate the higher price for these materials, the procedure for the
application of such wood in products with ﬁre safety requirements had to be sim-
pliﬁed [3]. This became necessary because an existing Swiss Standard [4], which
enabled the mutual substitution of listed wood species without requiring repetition
of ﬁre resistance tests for the whole door system, was abrogated by the Swiss ﬁre
regulative board. The new regulations which refer to the harmonized European
standards EN 1363-1 [5] and EN 1634-1 [6] allow any wood type that fulﬁls the
ﬁre resistance test, but does not allow any interchange of the wooden parts with-
out additional costly testing. In this context, the background of this application-
oriented research was to investigate the ﬁre behaviour of tropical wood, and more
particular the resulting ﬁre resistance of ﬁre doors when tropical wood is used as
substitute for European native wood.
In literature the charring rate is regarded as one of the most important proper-
ties with respect to the ﬁre behaviour of wood. A comprehensive overview of
performed studies during the past decades is given in [7]. Although some investi-
gations suggest wood density, wood moisture content, air oxygen concentration,
and heat ﬂux as parameters inﬂuencing the charring rate, other studies propose
easy to use functions addressing only the wood density as key parameter for an
assessment of the charring rate. Eurocode 5 [8] for instance assumes that the char-
ring rate of solid timber decreases linearly with density and remains constant for a
density larger than 450 kg/m3. A research study compares measured charring rates
of tropical and European native wood [9] with the rates given in Eurocode 5 as
well as in Australian Standard AS 1720.4 [10]. As the results do not conﬁrm
entirely adequate agreement, the authors proposed the alternative density based
ULg-model to match more acceptably the acquired charring rates for wood with a
density larger than 450 kg/m3. From this point of view, a preliminary European
standard prEN 15269-3 [11] prescribing the methodology for the interchange of
wooden parts based solely on wood density has to be considered carefully espe-
cially there is no distinction of tropical and European native wood mentioned.
In contrast to load bearing heavy timber constructions [12] as Eurocode 5 actu-
ally deals with, door frames and stiﬀening elements of door leaves are non-load-
bearing elements, have a high degree of slenderness and the ﬁre door in its entity
fulﬁls the integrity criteria. Because of a large surface to thickness ratio, door
leaves can be regarded as a thin barrier to separate two temperature levels from
each other whereas the temperature on one side of the barrier increases rapidly in
accordance with a deﬁned ﬁre scenario. The large thermal load does not just cause
a sudden ignition of all wooden parts exposed to ﬁre, but imposes large tempera-
ture and moisture gradients perpendicular to the surface of the separating
elements as well. Consequently, deﬂections arise which endanger the integrity of
the separating element. There are only few investigations of the ﬁre behaviour
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of ﬁre doors performed up to now. Nevertheless, some studies showed that burn-
ing through as a failure occurs seldom compared to failures caused by the loss of
integrity between door leaf and door frame [13]. In conclusion to these facts, justi-
fying the substitution of wood species has to consider both charring rate and
deﬂection. Focussing on the charring rate alone and in consequence using the den-
sity as a sole parameter to address the interchange of wood species may result in
erroneous assessments. For this reason the prime target of the present research
was to ﬁnd easy to measure parameters which correlate highly with both charring
rate and deﬂection, namely for any wood species and without exceptional cases. It
is obvious that only such parameters can be used as reliable indicators for a safe
assessment of mutual substitution of wood in ﬁre doors.
One common conclusion of many investigations involving diﬀerent wood spe-
cies is that the charring rate is strongly aﬀected by the wood anatomy. In conse-
quence, the response of wood species on ﬁre temperatures is dominantly aﬀected
by the intrinsic course of thermo-physical and thermo-chemical processes on
micro scale. First understanding of this context is conﬁrmed in [14]. To calculate
the charring rate for diﬀerent wood species an Arrhenius type reaction equation
was formulated. In contrast, experimentally observed temperature driven moisture
penetration was not discussed in depth and therefore not linked with wood anat-
omy. However, with respect to gas transport the wood anatomy can be easily
characterized in terms of the gas permeability [15] since this particular parameter
determines the rate of a ﬂuid passing through a porous medium. Thus, the gas
permeability can be considered as an appropriate parameter characterizing the
charring behaviour. In addition to that, the knowledge of this parameter may also
be important for the characterization of wood dehumidiﬁcation on the progressive
front of the pyrolysis zone. This is crucial for the development of moisture gradi-
ents [16] which cause rapid shrinkage of the material and ultimately the deﬂection
of door leaves on macro scale.
In a ﬁrst phase of this study, diﬀerent parameters of wood with an assumed
impact on its ﬁre behaviour were examined on meso scale. Beam shaped speci-
mens with similar aspect ratio as perimeter elements of door frames and door
leaves were investigated regarding density, Young’s modulus, oxygen permeability
and moisture content. All these parameters were classiﬁed as primary parameters.
Resulting from ﬁre tests, charring rate and deﬂection were measured and classiﬁed
as secondary parameters. In a second phase, pivoted wooden ﬁre doors were
manufactured and tested in accordance to corresponding harmonised European
standard EN 1634-1. The achieved ﬁre resistance times were analysed under con-
sideration of the experimentally acquired primary and secondary parameters.
In summary, the result of this study has to conﬁrm that on meso scale mea-
sured parameters capture adequately the ﬁre induced relevant behaviour of any
wood species to assess reliably the substitution of wood species in ﬁre doors on
macro scale. Virtually, the investigated ﬁre behaviour on meso scale bridges the
scale gap between processes taking place on micro scale and observable behaviour
on macro scale.
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2. Experimental
2.1. Investigation of Wooden Beams
The beam shaped specimens had a length of 1 m with a cross section of 90 mm in
width and 45 mm in height. The cross sectional dimensions correspond approxi-
mately to the size of the perimeter framing elements of door frame and door leaf
having an estimated ﬁre resistance time of 30 min. The beams were air-dried close
to equilibrium moisture content. Table 1 lists the wood species investigated.
Regarding wood anatomy, rate, size and grouping of vessels are mentioned as
well. In addition to tropical species, three European native wood species were
investigated too. The densities of these species were within the approximate range
of 400 kg/m3 to 650 kg/m3 which is most common for wood used in ﬁre door
applications. All the measurements were performed using three specimens of each
wood species, except Abachi, Abura and Meranti Red Light. Due to shortage of
availability, the latter three wood species were studied using only two specimens
of each wood.
First, the Young’s modulus was measured using a four point bending procedure
and a Zwick 1474 test machine. These tests were performed in accordance with
the European standard EN 408 [18]. The moisture content of the specimens was
measured using a Bollmann H-D-3.10 moisture measuring device. For measured
moisture contents in the range between 5% and 15% the relative accuracy is
Table 1
Investigated Wood Species and Their Structural Properties According
to [17]
Specie Scientiﬁc name Category Vessel rate (%) Vessel size Vessel grouping
Abachi Triplochiton scleroxylon Hardwood 72 Large Diﬀuse-porous
Abura Hallea ciliate/stipulosa
Leroy
Hardwood 65 Small to
medium size
Diﬀuse-porous
Bibosi Ficus glabrata Hardwood – Large Diﬀuse-porous
Cambara`
Rojo
Erisma spp. Hardwood 72 Very large Diﬀuse-porous
Cambara`
Mixto
Erisma spp. Hardwood 72 Very large Diﬀuse-porous
Maple Acer pseudoplatanus Hardwood 61 Very small Diﬀuse-porous
Mara Macho Cedrelinga
catenaeformis
Ducke
Hardwood – Very large Diﬀuse-porous
Meranti
Red Light
Shorea hypochra
Hance
Hardwood 55 Very large Diﬀuse-porous
Oak Quercus robur/petraea Hardwood 39 Very large
(early w.)
small (late w.)
Ring-porous
Palomaria Calophyllum brasiliense Hardwood – Medium size
to large
Diﬀuse-porous
Paquio Hymenaea courbaril L. Hardwood 8 Large Diﬀuse-porous
Roble Amburana cearensis Hardwood – Large Diﬀuse-porous
Spruce Picea abies Softwood – – No pores
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±1.5%. The measuring points were located at 5 mm and 15 mm depth on two
sides of each specimen, namely positioned in centre of the 90 mm wide beam edge
and perpendicular to this edge. The four values obtained for each beam were
averaged. Each specimen was weighed and the density calculated.
In a next step, the beams were charred by using an oil-ﬁred horizontal small
scale furnace according to Figure 1a. The specimens were exposed to ﬁre on one
side according to the standardized temperature–time curve ISO 834-1 [19]. At any
time after the ﬁrst 10 min of ﬁre exposure, the temperature recorded by any ther-
mocouple in the furnace did not diﬀer from the corresponding temperature of the
standard temperature–time curve by more than 100C. The pressure inside the fur-
nace was relative to the ambient pressure between -5 Pa and 0 Pa. The samples
were arranged in a special concrete frame in which each sample was equipped with
three displacement transducers on the side not exposed to ﬁre with the purpose of
measuring the deﬂections. After being exposed to ﬁre for 25 min the samples were
removed from the furnace, cooled with a water spray and cut into slices with the
purpose to measure the charring rate. Subsequently, three slices of 5 mm thickness
were cut out of each specimen, precisely at the locations where the deﬂection was
measured during the preceding ﬁre test. After the char layer was abraded manually
using a scraper, the remaining un-charred thickness drem,i was measured at three
locations i = 1 to 3 of each slice as shown in Figure 1b. In other words, the un-
charred thickness dremwas determined by averaging over 9 measuring points for
each specimen. The charring rate, b [mm/min] was calculated as follows
b ¼ dinit 
drem
t
ð1Þ
where dinit is the initial thickness [mm] of the specimen, and t is the duration [min]
of the test.
The deﬂection measurements were used to estimate the mean curvatures of each
investigated beam. It was assumed that the shrinkage within the progressive front
of the pyrolysis zone induces a homogeneous stress ﬁeld along the beam length
ba
Beam shaped 
specimen 
Displacement transducer
Water cooled trans-
ducer supporting 
Displacement s 
at half length
dinitdrem,1 drem,2 drem,3
90 mm 
22.5 mm 22.5 mm 22.5 mm 
Figure 1. Small scale horizontal furnace with three specimens sub-
jected to standard fire ISO 834-1 (a) and one slice out of three slices
which were cut out of each specimen after subjected to standard fire
for 25 min (b).
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causing an elastic line which can be approximated as an ideal arc of a circle.
Because the curvature is not needed for quantitative calculations but only used as
a parameter making all investigated wood species comparable in terms of their
deﬂection behaviour, this simpliﬁcation is believed to be pragmatic. Therefore, the
curvature, j (1/m), was determined as follows
j ¼ 1
r
¼ 8s
l2 þ 4s2 ð2Þ
where l is the length (m) of the beam, s the measured deﬂection (m) at half length
of each beam as indicated in Figure 1 and r (m) the radius of the elastic line. The
values obtained for each wood species were averaged. Accordingly, a high curva-
ture corresponds to a large deﬂection.
The permeability of wood was measured at room temperature using a technique
which was originally developed for concrete [20] and later adapted to wood [21].
By considering the common wood ﬁbre orientation in perimeter elements of door
frames and door leaves, only the permeability for oxygen perpendicular to the
wood ﬁbre direction was measured. Accordingly, a 25-mm thick slice of 68-mm
diameter of wood was placed in a tight sample holder on the aperture of a closed
cylinder as shown in Figure 2. Starting at ambient pressure in the closed cylinder
(oxygen in this case), the pressure was increased up to 100 kPa positive pressure.
Then, the pressure decay of oxygen due to penetration into the wood slice was
measured for 8 h. The coeﬃcient of permeability was calculated based on the
pressure decay and constants that do not depend on the tested material:
k ¼ x  V  g  d
R  A  h  t  ln
P0
P ðtÞ
 
ð3Þ
where k is the coeﬃcient of permeability (m/s), x is the molar mass of oxygen
(32 g/mol), V is the volume of the pressure cylinder, g the gravitational accelera-
tion, R the universal gas constant (8.313 N m/K mol), A the sample cross section,
d the sample thickness, h the absolute temperature, t is time, P0 the initial
pressure in the cylinder and P(t) the pressure at time t.
Sample
Pressure transducerPressure vessel
SetscrewWood sample 
Sample holder 
a b
Figure 2. Oxygen permeation measurement (sample of wood placed
in a tight holder (a) and positioned on the aperture of pressurised
cylinders (b)).
684 Fire Technology 2012
The oxygen permeability index (OPI) is deﬁned as the negative logarithm of the
coeﬃcient of permeability as follows
OPI ¼  log10ðkÞ ð4Þ
Accordingly, a high OPI value corresponds to low oxygen permeability and conse-
quently to low gas permeation in general. Two measurements of the same sample
of each wood species were carried out.
2.2. Investigation of Wooden Fire Doors
The ﬁre experiments were carried out in accordance to the European standards
EN 1363-1 and EN 1634-1 by using an oil-ﬁred vertical large scale furnace. Tem-
perature and pressure conditions inside the furnace were during the performed ﬁre
resistance tests fully in line with the requirements according to the standards. All
investigated ﬁre doors were mounted into a high density rigid masonry wall in
such a way that the hinged door leaf was movable towards the furnace opening in
each case (Figure 3a). The door opening had a height of 2.3 m and a width of
1.15 m whereas the door leaf was 47 mm thick. Figure 3b shows a schematic ver-
tical cut through a ﬁre door illustrating the characteristic build-up of each tested
specimen. For all constructional elements of each ﬁre door (Figure 4), commer-
cially available products were used. However, the structural design was chosen so
Thickness of door 
leaf = 47 mm 
1150 mm
23
00
 m
m
 
Fire 
Schematic 
vertical cut 
Door 
frame
Intumes-
cent seal
Perimeter 
frame of 
door leaf 
Door frame 
fixing 
Low density 
fibre board
High density 
fibre board
Intumes-
cent seal
Cardboard 
sheet  
Rubber 
seal 
Sealing
a b
Figure 3. Large scale fire resistance test with wooden fire door
subjected to the standard fire ISO 834-1 (a) and schematic vertical
cut through tested fire door (b).
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that the ﬁre resistance time was aﬀected sensitively by deﬂection and charring
rate. Hence, only the perimeter framing elements of the door leaves and door
frames were made out of the same wood as the wooden beams used for measuring
primary and secondary parameters. All doors were produced by the same
Hinge
Lock
Door frame 
fixing Flake 
boards 
Hard 
wood 
Width of door leaf
H
ei
gh
t o
f d
oo
r l
ea
f
a
dc
fe
b
Figure 4. Constructional details of tested fire doors (exact location
of lock, fixings and hinges (a), perimeter frame of door leaf (b), hinge
(c) and hinge assembled to door leaf and door frame (d), lock (e) and
lock assembled to door leaf and door frame (f)).
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manufacturer in a single production line with a high degree of automation. By
this procedure uncertainties and stochastic eﬀects were minimised to an extent
that the acquired ﬁre resistance times were governed eﬀectively by the variation of
the applied wood species and not caused by hardly quantiﬁable production short-
comings. Furthermore, the connection between ﬁre door and supporting construc-
tion was kept as simple as possible and the assembling of all tested ﬁre doors was
carried out by the same assembly operator.
3. Results and Discussion
3.1. Wooden Beams
Table 2 shows a summary of the experimentally acquired data regarding all pri-
mary and secondary parameters. The measured charring rate versus the density is
shown in Figure 5. A comparison with Eurocode 5 points out that in a density
range between 400 kg/m3 and 700 kg/m3 the recommended charring rates are
smaller than the measured charring rates. This is true not only for tropical wood
but also for the selected European native species. However, the calculated rates
according to the Australian Standard AS 1740.4 ﬁt appropriately the measured
rates. The measured charring rate for a single wood species with a high density
corresponds to the values given in [9] as well. In a density range larger than
800 kg/m3 all three the Eurocode 5, the Australian Standard AS 1740.4 and the
ULg-model recommend mostly conservative charring rates.
The charring rates versus the OPI values are shown in Figure 6. The values of
charring rate and OPI are the mean values of the data given in Table 2 for each
wood species. The resulting relation between charring rate and OPI can be repre-
sented using a linear correlation. The parameters of the correlation are given in
Figure 6 as well. The acquired three set of data for density q, charring rate b and
OPI can be statistically analysed in terms of coeﬃcient of correlation rxy. The cal-
culated values are rqb = -0.757, rOPIb = -0.801 and rqOPI = 0.669, respectively.
Considering permeability as an eﬀective indicator for wood anatomy, the statisti-
cally conﬁrmed relatively low correlation between wood density and OPI does not
surprise. Taking into account that heat conduction and heat convection are both
relevant mechanisms for heat transfer within porous media on micro scale, the
better correlation between OPI and charring rate compared to the correlation
between density and charring rate is in line with the theoretical conception taken
as basis for this study. Despite the fact that density and OPI does not correlate
well, it is astonishing that OPI correlates not outstandingly better with charring
rate than density does with charring rate. This fact leads to the question which
correlation may be an illusory correlation. The answer can be given by consider-
ing the following aspects: In contrast to density, which is not a reliable predictor
for the anatomy of wood, charring is aﬀected simultaneously by heat and mass
transfer within the pyrolysis zone. Self-evidently, the correlation between charring
rate and density turns out to be an illusory correlation because only the perme-
ability gives an indication about the anatomy in terms of the amount of gas being
able to pass through wood. The chemical analysis of produced ﬁre gases was not
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part of this study. However, it is known that charring is also essentially aﬀected
by the composition of the ﬁre gases with respect to chemical degradation of the
wood cell structure within the pyrolysis zone [22]. Also from this point of view it
becomes obvious that a pronounced permeation of chemically reactive ﬁre gases
accelerates the cell wall degradation and hence an acceleration of the macroscopi-
cally observable charring rate as well.
Table 2
Beam Results for the 13 Investigated Wood Species (Primary and
Secondary Parameters)
Specie
Beam
No.
Density
(kg/m3)
Young’s
modulus
(GPa)
Charring
rate
(mm/min)
Curvature
(1/m) OPI
Moisture
content (%)
Abachi 1 383.7 7.4 0.88 0.041 9.72 8.2
2 409.0 8.4 0.85 0.058 9.72 8.5
Abura 1 558.9 13.5 0.80 0.054 10.05 9.2
2 522.0 11.3 0.89 0.064 10.05 8.9
Bibosi 1 465.7 9.0 0.78 0.045 9.42 10.8
2 437.3 8.7 0.76 0.037 9.56 10.1
3 458.5 9.6 0.86 0.056 – 10.4
Cambara` Rojo 1 604.0 12.4 0.59 0.017 10.67 10.3
2 609.1 12.7 0.61 0.025 10.77 9.7
3 597.9 11.3 0.59 0.012 – 10.0
Cambara` Mixto 1 534.4 9.8 0.75 0.025 9.80 9.7
2 532.7 9.5 0.76 0.032 9.84 9.8
3 528.3 9.2 0.68 0.038 – 9.9
Maple 1 624.8 9.5 0.75 0.222 9.81 7.4
2 585.0 9.2 0.82 0.147 9.82 6.6
3 538.9 9.5 0.81 0.095 – 7.3
Mara Macho 1 613.2 10.2 0.64 0.016 10.38 5.8
2 603.4 10.8 0.62 0.022 10.70 6.1
3 590.5 10.6 0.55 0.021 – 5.7
Meranti Red Light 1 432.1 12.7 0.68 0.027 10.60 8.6
2 438.5 12.6 0.69 0.035 10.60 8.6
Oak 1 625.6 11.3 0.65 0.008 11.20 11.0
2 617.1 11.2 0.64 0.003 11.72 12.5
3 678.3 13.9 0.63 0.009 – 10.9
Palomaria 1 609.8 13.5 0.60 0.050 10.85 7.4
2 625.5 12.2 0.58 0.039 11.04 7.7
3 598.4 11.4 0.62 0.018 – 7.6
Paquioa 1 1025.4 – 0.38 0.155 11.15 12.0
Roble 1 698.3 10.0 0.50 0.164 10.78 7.9
2 674.1 12.3 0.53 0.143 10.95 9.8
3 653.8 11.7 0.53 0.113 – 8.5
Spruce 1 421.3 11.3 0.71 0.029 10.37 9.3
2 405.8 10.9 0.73 0.021 10.45 10.1
3 408.2 9.8 0.73 0.016 – 8.4
a For comparison reasons, a wood specie having a signiﬁcantly larger density as commonly applied in ﬁre doors
(400 kg/m3 to 650 kg/m3) was investigated as well
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Diﬀerences between the charring rates in accordance with the recommendations
given in [8–10] and the corresponding measured charring rates were also calcu-
lated and subsequently analysed statistically. Table 3 shows the results referring to
the estimation of mean value l and standard deviation r. Whereas Eurocode 5
estimates too low charring rates within a density range from 400 kg/m3 to 700 kg/m3,
Australian Standard AS 1720.4 gives adequate agreement between measurement
and calculation within the same density range. However, good agreement of den-
sity and charring rate has to be addressed carefully and is limited in terms of
eﬀectively investigated wood species and covered density range. Finally, no seri-
ously satisfying correlation was found between any of the investigated primary
parameters and the curvature as a secondary parameter. This result implies that
hardly another single primary parameter exists to capture the complex
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Figure 5. Measured charring rate versus density and comparison
with various recommendations.
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Figure 6. Measured charring rate versus OPI and corresponding
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mechanisms on micro scale to predict adequately the intrinsic deﬂection behaviour
of any wood species. In consequence, the assessment of the substitution of an
alternative wood species for a species on which ﬁre resistance test results are avail-
able can also not be done based purely on a sole parameter. But this presumption
needs to be validated under consideration of the experimental data acquired on
macro scale. However, Figure 7 shows the charring rates of all wood samples ver-
sus the curvature values. Because both charring rate and curvature go hand in
hand as relevant parameters aﬀecting the behaviour of a door in case of ﬁre, the
selection of wood species applied in subsequent large scale testing had been made
on the basis of this ﬁgure. The hypothetical scenario was like that: A ﬁre door
with perimeter framing elements made of Spruce was tested in line with EN 1363-1
and EN 1634-1. Now an alternative wood species is substituted for Spruce
Table 3
Estimation of Mean Value l and Standard Deviation r of the
Differences Between Measured and Recommended Charring Rates
(It is Assumed that the Differences are Subjected to a Gaussian
Distribution)
Recommendation Mean value l (mm/min) Standard deviation r (mm/min)
Linear correlationa 0.00 0.083
AS 1720.4 [10] 0.00 0.095
ULg-model [9] -0.10 0.094
Eurocode 5 [8] -0.17 0.115
a Calculation of charring rate is in line with the linear regression analysis according to Figure 6
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Figure 7. Measured charring rate versus beam curvature and high-
lighted areas for reliable (lower left quadrant with Spruce as refer-
ence) and not reliable (lower right, upper left and upper right
quadrants with Spruce as reference) types of substitutions of Oak
(substitution I), Palomaria (II), Roble (III), Maple (IV), Abachi
(V) for the reference wood species Spruce.
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under the requirement that the ﬁre resistance is at least as long as it was for
Spruce. Compared to all other investigated wood species, Oak had the smallest
curvature and a small charring rate as well. In contrast, the Maple beams dis-
played the largest curvatures of all investigated wood species and also its charring
rate was nearly highest. Compared to Maple, the Roble beams showed similar
curvatures but signiﬁcantly smaller charring rates. Again with respect to Maple,
Abachi behaved diﬀerently from Roble: Charring rate of Abachi was very similar
to Maple but the curvature turned out to be signiﬁcantly smaller. The selection of
the species for ﬁre tests on macro scale was based on the following ideas: Com-
pared to Spruce, a larger curvature and/or a larger charring rate should eﬀect a
reduction of ﬁre resistance. Again compared to Spruce and in terms of ﬁre resis-
tance, a larger charring rate can be eventually compensated by a smaller curvature
and vice versa. Therefore, Palomaria has been additionally chosen because both
charring rate and curvature deviated only moderately from the values performed
by Spruce. In summary, only wood species with ﬁre behaviour of smaller charring
rate and smaller curvature than Spruce (lower left quadrant of Figure 7 with
Spruce as reference) are suitable as substitute for Spruce. In consequence, substi-
tution I (Spruce replaced with Oak) is ﬂagged with ‘‘+’’. All other substitutions II
to V are ﬂagged with ‘‘-’’.
3.2. Wooden Fire Doors
Seven ﬁre experiments with doors were carried out. The progression of all ﬁre
tests had equal characteristics as shown in Figure 8. From the beginning all door
leaves deﬂected concavely away from the ﬁre side primarily caused by the shrink-
age of the ignited high density ﬁbre board on ﬁre side. In detail, the upper unsup-
ported door leaf corner on the lock set side moved towards the ﬁre (Figure 8a).
As a consequence the relative overlap within the rebate formed by the perimeter
framing elements of door frame and door leaf was reduced continuously. The
maximum deﬂection with respect to reduction of overlap occurred always at the
upper unsupported corner of the door. Later the door leaf sagged (Figure 8b) and
accordingly the rebate height increased along the upper edge of the door leaf.
In the further course of the test the intumescent seal was not able to seal entirely
the growing gap at the upper unsupported corner and glowing occurred partially
(Figure 8c). Finally, the failure mode was identical for all investigated ﬁre doors:
Loss of integrity due to sustained penetration of ﬂames at the upper door edge
(Figure 8d). All ﬁre tests were stopped immediately when integrity was not ful-
ﬁlled anymore. Table 4 gives a complete survey of all conducted ﬁre experiments.
Figure 9 summarises the deﬂection of the upper unsupported door leaf corner
on lock set side as a function of time. Maximum deﬂection of each door and its
failure occurred simultaneously. The door set made of Oak was tested twice to get
a better understanding of the reproducibility of the achieved ﬁre resistance time.
The two failures occurred within a narrow period of time which duration was
only 6 s. This result allows the assumption that the individually measured failure
times of all additionally tested doors are in fact representative for the door sys-
tem. Figure 9 conﬁrms a reduction of deﬂection approximately between the 6th
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Figure 8. Representative course from starting the fire test till
interruption due to loss of integrity (flame penetration, steps (a)–(d)
represent increasing time during fire experiment). (a) Reduction
of overlap, (b) sagging of door leaf, (c) occurrence of glowing,
and (d) loss of integrity.
Table 4
Point in Time of Distinctive Observations which are Relevant for Loss
of Integrity
Wood
type
Lowering
entire door
leafa (min and s)
Occurrence
of glowingb
(min and s)
Reduction of
re-bate after
5 min (mm)/(%)b,c
Reduction of
re-bate after
15 min (mm)/(%)b,c
Loss of
integrityb,d
(min and s)
Oak 1 803000 2702500 4/14 5/17 2800400
Oak 2 702600 2503000 6/21 6/21 2705800
Abachi 500000 904000 15/52 – 904500
Maple 703000 1205000 7/24 11/38 1703000
Palomaria 405000 1703000 7/24 23/79 1805100
Roble 503000 2100000 8/28 14/48 2300000
Spruce 601600 2205000 6/21 9/31 2403000
a Induced by the reduction of mechanical linkage between leaf and frame due to charring
b Located at the upper door edge on lock set side
c Reduction in mm and in % of the initial rebate at the beginning of ﬁre experiment
d Sustained ﬂame penetration
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and 8th minute for all tested specimens. This behaviour is related to the ﬁre
exposed high density ﬁbre board which always ignited approximately 1.5 min after
the ﬁre experiments started. The shrinkage of these boards due to the loss of
moisture induced the observed ﬁrst phase of fast increasing deﬂection. With rising
furnace temperature the composite action of the burning high density ﬁbre board
and the perimeter framing elements of the door leaf became weaker. As a result
the board induced deﬂection was not transmitted further in full strength from the
ﬁbre board to the perimeter frame of the door leaf and accordingly deﬂection
started to stagnate or even became smaller. Hence, after the 8th minute the
increasing deﬂections were aﬀected dominantly by the chosen wood type of the
perimeter frame of door leaves and not anymore by the high density ﬁbre board.
Compared to Spruce, Figure 9 conﬁrms only for Oak a longer ﬁre resistance time.
With respect to the indicated densities it becomes obvious that not the wood species
with the highest density achieved the longest ﬁre resistance time. For instance Roble
with a density of 675.4 kg/m3 displayed a ﬁre resistance time which was nearly 20%
shorter than the resistance time of Oak with a density of only 640.3 kg/m3. By keep-
ing the lifelike variation of wood density in mind, Oak, Palomaria and Maple are
treated in practise most probably as wood of same density. Under consideration of
prEN 15269-3, Oak can be replaced by both Palomaria and Maple without addi-
tional testing. The same is true when Roble, Palomaria and Maple are substituted
for Spruce. This is in contrast to the test results that conﬁrmed for instance for
Maple a ﬁre resistance time which was nearly 30% shorter than the resistance time
of Spruce. Finally, Abachi having the lowest density of all tested wood types
achieved ultimately the shortest resistance time.
Figure 10 validates the assumption that only wood species with smaller charring
rate and smaller curvature are suitable for replacing Spruce. The ﬁve substitu-
tions, actually Oak (I), Palomaria (II), Roble (III), Maple (IV) and Abachi (V) for
Spruce, are assessed by taking into account all investigated primary parameters
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Figure 9. Deflection towards fire of upper unsupported door leaf
corner on lock side as function of time (exposition of deflection
ends at time when loss of integrity occurred).
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and charring rate as a secondary parameter. In all cases, at least two of the ﬁve
substitutions result in a wrong expectation of ﬁre resistance compared to the ﬁre
resistance which was achieved with Spruce. Astonishingly, the commonly pro-
moted substitution based on density achieves the worst result: Three of ﬁve substi-
tutions (60%) are erroneous. This is in contrast with the assessment of the
substitution that uses both secondary parameters.
Obviously an interchange of wood without additional large scale testing is only
reliable in terms of ﬁre resistance when the secondary parameters charring rate
and curvature of alternative wood species are eﬀectively smaller than the ones of
the original wood. Hence, it becomes obvious that the assessment of the substitu-
tion of wood based on the secondary parameters is more reliable than the assess-
ment done solely with regard to the wood density. Under consideration of
Figure 7 it was expected that the ﬁre door made of Palomaria would perform a
ﬁre resistance time similar to the one of Oak. Surprisingly, the resistance time
turned out to be signiﬁcantly smaller and even smaller than performed by Roble.
Post ﬁre investigation addressing the mechanical linkage between the perimeter
framing elements of door frame and door leaf resulted in the following picture:
Although the charring rate of Palomaria did not diﬀer much from the charring
rate of Oak the ﬁxing of lock set and hinges was more severely damaged by
the ﬁre in case of Palomaria (Figure 11). Accordingly, the screws were hardly able
to keep neither the lock set nor the hinges in position and right after switching
oﬀ the furnace burners the door leaf made of Palomaria fell oﬀ the frame
(Figure 11a). In contrast, all mechanical linkages in case of Oak were in good
condition after stopping the ﬁre test (Figure 11b). Consequently, the resistance
against pulling out of ﬁxing elements has to be considered carefully as well when
European native wood species are replaced by tropical wood species. It was not
part of this study to investigate this speciﬁc aspect more deeply. However, it has
to be kept in mind that for European wood species the growth rings are strictly
correlated with the yearly temperature oscillations, whereas in tropical areas the
growth increments may reﬂect alternating wet and dry seasons.
4. Conclusion
The ﬁre resistance of ﬁre doors is highly aﬀected by both the charring rate of the
applied wood species and the door leaf deﬂection both causing a reduction of the
overlap within the rebate at the upper unsupported door leaf corner. Regarding
the assessment of a possible substitution of a certain wood species by another spe-
cies, charring rate and deﬂection have to be considered in depth.
An explicit correlation between the charring rate and the oxygen permeability
index OPI was found. However, regarding the results of a series of ﬁre experi-
ments using wooden beams, no correlation was found between the observed cur-
vature of the beams and the investigated primary parameters such as density,
Young’s modulus, OPI, etc. Thus, the ﬁre resistance of a ﬁre door can not be pre-
dicted satisfactorily by using only one single parameter. In consequence, the pro-
posal of prEN15269-3 to assess the substitution of wood just on the basis of wood
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density has to be reconsidered very carefully. This applies not just in case of the
substitution of European native wood by tropical wood but also for the inter-
change of European native wood species among each other.
It is clear that the performance of ﬁre doors is inﬂuenced strongly by their con-
structive design. However, the acquired experimental results show without any
doubt that for a given ﬁre door design the interchange of wood is safe if beams
made of the alternative wood perform smaller charring rate and smaller curvature.
In consequence, it turned out that the anatomy of wood species, which is most
relevant for thermo-physical and thermo-chemical processes on micro scale, can
be appropriately captured by cost-eﬃcient ﬁre experiments on meso scale. Other
primary parameters measured under conditions without any similarity to ﬁre con-
ditions are obviously not suitable to bridge the scale factor form micro scale to
macro scale.
In all other cases the usability of an alternative wood has to be proved in an
additional large scale experiment. This is because the question to which extent a
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ripped hinge
Perimeter frame of 
door leaf 
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b
Figure 11. Comparison of lock set and upper hinge area for two
fire doors made of different wood species. (a) Fire door made
of Palomaria and (b) fire door made of Oak.
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lower charring rate compensates an increased curvature and vice versa remains
unanswered. Finally, the statistical assessment of the experimentally acquired data
gives no correlation neither between density and charring rate nor density and
deﬂection. Consequently, relaying solely on density for the judgment of the inter-
change of wood leads to products which have in their end use application signiﬁ-
cantly shorter ﬁre resistance times.
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